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NematodesGalactofuranose (Galf), the furanoic form of D-galactose produced by UDP-galactopyranose mutases (UGMs),
is present in surface glycans of some prokaryotes and lower eukaryotes. Absence of the Galf biosynthetic
pathway in vertebrates and its importance in several pathogens make UGMs attractive drug targets. Since
the existence of Galf in nematodes has not been established, we investigated the role of the Caenorhabditis
elegans UGM homolog glf-1 in worm development. glf-1 mutants display signiﬁcant late embryonic and
larval lethality, and other phenotypes indicative of defective surface coat synthesis, the glycan-rich
outermost layer of the nematode cuticle. The glf homolog from the protozoan Leishmania major partially
complements C. elegans glf-1. glf-1 mutants rescued by L. major glf, which behave as glf-1 hypomorphs,
display resistance to infection by Microbacterium nematophilum, a pathogen of rhabditid nematodes thought
to bind to surface coat glycans. To conﬁrm the presence of Galf in C. elegans, we analyzed C. elegans
nucleotide sugar pools using online electrospray ionization–mass spectrometry (ESI-MS). UDP-Galf was
detected in wild-type animals while absent in glf-1 deletion mutants. Our data indicate that Galf likely has a
pivotal role in maintenance of surface integrity in nematodes, supporting investigation of UGM as a drug
target in parasitic species.
© 2009 Elsevier Inc. All rights reserved.Introduction
Complex glycans play a key role in a number of distinct processes
in living organisms, such as maintenance of structural integrity, pro-
tection, morphogenesis and host–pathogen interactions (reviewed
by Varki, 1993). The free-living rhabditid nematode Caenorhabditis
elegans is a well-established model organism used to investigate
many aspects of metazoan biology. Recently there has been much
interest in its glycosylation pathways. Studies in C. elegans as well as
other nematodes have conﬁrmed the extensive conservation in the
glycomic repertoire among metazoans, and revealed that nematode
glyco-conjugates also possess several distinctive features that set
them apart from vertebrates as well as other metazoans. In parasitic
nematodes, unique glycans have primarily been isolated as excretory/
secretory (ES) products and surface coat components.
Nematodes are encased in a multilayered collagenous cuticle,
synthesized by the underlying hypodermal cells, that is shedll rights reserved.periodically at molts (for a recent review, see Page and Johnstone,
2007). The outermost layer of the cuticle, referred to as the surface coat
or glycocalyx, has a distinct composition, being made of loosely bound
glyco-conjugates produced by the hypodermis and specialized pha-
ryngeal secretory glands (for a review on the nature of nematode
surface coat, see Bird and Bird, 1991). The main function of the
glycocalyx is to act as a ﬁrst line of defense from the external
environment; in parasitic nematodes, the glycocalyx has also been
implicated in immune evasion, immuno-suppression and immuno-
modulation. Highly immunogenic mucin-type glycoproteins contain-
ing unusual O-methylated fucose (Fuc) and galactose (Gal) residues
havebeen identiﬁed in the ESproducts of animal parasitic nematodes of
the Toxocara genus (Khoo et al., 1991; Page et al., 1992). Indeed the
immunogenicity of Toxocara canis in the mammalian host is mediated
by these methylated residues (Schabussova et al., 2007). It is widely
accepted that the Toxocara surface coat acts as a decoying device,
diverting the immune attack to a labile structure which is continuously
shed, thus allowing thewormto escape unscathed (Blaxter et al., 1992).
C. elegans also methylates its mucin-type O-glycans (Guerardel et al.,
2001), which display some additional atypical features such as the
presence of glucose (Glc) and of trisubstituted N-acetylgalactosaminol
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subject to esteriﬁcation with phosphorylcholine; this modiﬁcation,
which also occurs inC. elegans (Cipollo et al., 2002), is considered one of
the keymediators of the immunomodulatory and immunosuppressant
activities displayed by secreted glycoproteins of ﬁlarial nematodes
(Harnett and Harnett, 2001; Maizels et al., 1987). The parasitic
nematode Trichinella spiralis, the causative agent of trichinellosis,
secretes surface glycoproteins containing the sugar 3,6-dideoxy-D-
arabino-hexose, or tyvelose (Wisnewski et al., 1993), a constituent of
bacterial cell wall lipopolysaccharide (LPS). This sugar,whichhas never
been reported in any other eukaryotic organism, appears to play a
crucial role in infection, as shown by the observation that anti-tyvelose
monoclonal antibodies are sufﬁcient to efﬁciently block larval inva-
sion of tissue cultured mammalian cells (McVay et al., 1998). In
addition, the tyvelose-containing glycoproteins may also be involved
in cell reprogramming and maintenance of the intracellular niche in
the host (Despommier et al., 1990). These ﬁndings emphasize the
importance of further investigation into the unique features of nema-
tode glycan synthesis. Such studies will improve our understanding
of nematode biology and may uncover some fundamental processes
crucial for establishment and maintenance of the infection by parasiticFig. 1. Reaction catalyzed by UGMs and sequence analysis of some eukaryotic UGM homolo
equilibrium constants heavily skewed towards production of the pyranose form. (B) Alig
bankit1201054 FJ860969), C. elegans GLF-1 (CeGLF-1; NCBI accession # NP_500884), Nemato
(LmGLF; NCBI accession # XP_001682426) and A. fumigatus UGM (AfUGM; NCBI accession #
tcoffee.vital-it.ch/cgi-bin/Tcoffee/tcoffee_cgi/index.cgi) (Poirot et al., 2003) and colored us
of the active site conserved residues are indicated by a star, while the residues involved in FAD
stop codon introduced by the tm2621 deletion is indicated by a dollar sign. The extent of th
identity (ID.) and similarity (SIM.) of CeGLF-1 to the four eukaryotic UGM homologs reportspecies, and this in turnmay lead to the development of novel methods
of control (for a review on immunogenic glyco-conjugates of parasitic
nematodes, see Dell et al., 1999). In this study, we describe yet another
unusual feature of the nematode glycome, namely, the occurrence of
galactofuranose (Galf) synthesis.
Galactopyranose (Galp), which is the thermodynamically favored
pyranoic form of D-Gal, is ubiquitously found across species. In
contrast, the furanoic form Galf has a more sporadic distribution and
has only been identiﬁed in some microorganisms, namely, prokar-
yotes, protozoa and fungi (for a recent review, see Pedersen and
Turco, 2003). Galf residues are components of cell wall glyco-
conjugates of several bacterial pathogens: it has been identiﬁed in
the galactan of Mycoplasma mycoides (Plackett and Buttery, 1964),
the T1 antigen of Salmonella spp. (Sarvas and Nikaido, 1971) and
the LPS O-antigen of Escherichia coli (Nassau et al., 1996) and
Klebsiella pneumoniae (Koplin et al., 1997). Furthermore, Galf is a
component of the cell wall arabinogalactan of Mycobacteria (Pan
et al., 2001; Weston et al., 1997), including the causative agents of
tuberculosis and leprosy. Galf is also found in several eukaryotic
pathogens, including the protozoans Leishmania spp., the etiological
agent of Leishmaniasis, and Trypanosoma cruzi, which is responsiblegs. (A) UGM/GLF catalyzes the interconversion between UDP-Galp and UDP-Galf, with
nment of amino acid sequences of B. malayi UGM (BmUGM1; Genbank accession #
stella vectensis UGM homolog (NvUGM; NCBI accession # XP_001624068), L. major GLF
CAI38754.2). Alignment was performed using the TCOFFEE alignment software (http://
ing BOXSHADE (http://www.ch.embnet.org/software/BOX_form.html). The positions
binding (as identiﬁed by Chad et al., 2007) aremarked by a triangle. The location of the
e in-frame tm2412 deletion is marked by a grey bar. (C) Overall percentage amino acid
ed in the alignment.
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rated into various glyco-conjugates, namely, lipophosphoglycan and
glycoinositolphospholipids in Leishmania spp. (Ilg et al., 1992;
McConville et al., 1990; Turco et al., 1989), and mucins, glycosyl-
phosphoinositol-anchored proteins and lipids in T. cruzi (De Arruda
et al., 1989; de Lederkremer and Colli, 1995; Previato et al., 1990),
which collectively constitute the bulk of the protozoan surface coat.
The Leishmania surface coat glyco-conjugates play an important role
in infection and protection from hydrolytic enzymes, oxidants and
the human complement (Spath et al., 2003). Exposure to anti-Galf
antibodies impairs invasion of host cells by T. cruzi, suggesting a
role in infection for Galf-containing glyco-conjugates (De Arruda
et al., 1989). Galf residues are also found in the cell wall glycans of
fungi, such as Aspergillus spp. (Hearn et al., 1989; Wallis et al.,
2001) and Cryptococcus neoformans (James and Cherniak, 1992).
Some of these fungal species constitute a serious and often lethal
threat for immuno-compromised individuals (reviewed by Nielsen
and Heitman, 2007).
The only biosynthetic route to Galf synthesis is the conversion of
the nucleotide sugar (NS) precursor UDP-Galp into UDP-Galf, which
is catalyzed by the enzyme UDP-galactopyranose mutase [UGM,
Enzyme Commission (E.C.) number 5.4.99.9] (Fig. 1A). Bacterial UGMs
are encoded by glf loci (galactofuranose synthesis); confusingly, in the
literature the acronym GLF is sometimes also applied to the gene
product. Bacterial UGM/GLFs are ﬂavin adenine dinucleotide (FAD)-
dependent coenzymes with a molecular weight of approximately
40 kDa. The prokaryotic enzymes are well characterized, and high-
resolution crystal structures of the K. pneumoniae, Mycobacterium
tuberculosis and E. coli enzymes have been obtained (Beis et al., 2005;
Sanders et al., 2001).
The Mycobacterium smegmatis glf locus is essential for viability:
knockout mutants fail to grow upon loss of the rescuing plasmid,
carrying functional copies of the M. tuberculosis glf open reading
frame (ORF) (Pan et al., 2001); the lethality is attributed to failed
bacterial cell wall synthesis in the absence of Galf. In E. coli, the glf
locus is required for synthesis of the LPS O-antigen, but dispensable
for viability (Koplin et al., 1997).
Eukaryotic UGMs share only 25–30% identity with their bacterial
counterparts; however, most residues required for substrate or FAD
binding are conserved (Beverley et al., 2005). Leishmania major glf
knockouts are both viable and infectious but display decreased
virulence in a mouse model (Kleczka et al., 2007). glf knockouts
have been recently generated or recovered for three Aspergillus
species: A. fumigatus, A. niger and A. nidulans (Damveld et al., 2008;
El-Ganiny et al., 2008; Schmalhorst et al., 2008). In all three cases, loss
of Galf synthesis is compatible with viability but results in a reduction
in cell wall thickness, which in turn is accompanied by defective
morphogenesis, hypersensitivity to drugs and osmotic stress. Signif-
icantly, deletion of glf in A. fumigatus results in attenuated virulence in
a mouse model (Schmalhorst et al., 2008), as observed for L. major glf
loss-of-function mutants.
The presence of UGM in several prokaryotic and eukaryotic
microbial pathogens, the important roles played by Galf-containing
glycans in these organisms and the absence of the biosynthetic
pathway in higher eukaryotes have led to the proposal of Galf
metabolism as a target for broad-spectrum chemotherapeutic
intervention (reviewed by Pedersen and Turco, 2003). A microtiter
plate assay for the M. tuberculosis UGM has been developed and
used to screen a compound library (Scherman et al., 2003). Likewise,
a ﬂuorescence polarization-based high-throughput assay for the
K. pneumoniae UGM has been devised and used for library screening
(Carlson et al., 2006; Soltero-Higgin et al., 2004). Other groups have
reported the synthesis of various substrate analogs, and have
demonstrated their inhibitory activity on UGMs from different
bacterial species (Desvergnes et al., 2007; Dykhuizen et al., 2008;
Ghavami et al., 2004; Itoh et al., 2007; Veerapen et al., 2004), holdingpromise for the development of broad-spectrum compounds which
are also active against eukaryotic UGMs.
The existence of Galf metabolism in nematodes has remained
uncertain. The genome and EST sequencing projects indicate the
presence of genes encoding UGM homologs in most nematode clades,
suggesting that synthesis of Galf is an ancient and conserved feature of
the phylum (Beverley et al., 2005). Signiﬁcantly, the C. elegans glf-1
ORF, encoding the sole UGM homolog in this species, functions in
E. coli in an in vivo complementation assay for UDP-Galf synthesis
(Beverley et al., 2005). Genome-wide RNA interference (RNAi)
screens in C. elegans suggested that downregulation of glf-1 is
detrimental (Ashraﬁ et al., 2003; Kamath et al., 2003; Rual et al.,
2004; Samuelson et al., 2007; Simmer et al., 2003). However, a
detailed characterization of the C. elegans glf-1 gene function has not
been performed and, most importantly, Galf has never been isolated
from any nematode species, leaving the question open as to whether
the Galf pathway is functional in the phylum and what developmental
role, if any, is performed by Galf residues in nematodes.
In this study we have carried out a detailed genetic and molecular
analysis of the C. elegans glf-1 locus. Our data demonstrate that Galf
synthesis occurs in C. elegans, and we provide evidence that Galf is
required for maintenance of the integrity of surface coat. Our results
demonstrate that this structure has a role in completion of
embryogenesis, late larval development and survival of the nematode
in an adverse environment.
Materials and methods
Strains and genetic methods
N2 strain var. Bristol was used as wild-type (WT) (Brenner, 1974).
Animals were cultured at 20 °C according to standard methods
(Sulston and Hodgkin, 1988).
The following mutant strains were used:
TM2412 glf-1(tm2412) IV
TM2621 glf-1(tm2621) IV
RB1032 osr-1(ok959) I
HT1593 unc-119(ed3) III
StrainswereobtainedfromtheC.elegansstockcenter(CGC,University
of Minnesota) and from Dr. S. Mitani (National Bioresource Project of
Japan, TokyoWomen's Medical University School of Medicine, Tokyo).
The following transgenic strains were generated and used in this
work:
IP604 glf-1(tm2412): nbEx146[pTG96; glf-1p::Ceglf-1::3′UTR]
IP605 glf-1(tm2412): nbEx147[pTG96; glf-1p::Ceglf-1::3′UTR]
IP609 glf-1(tm2621): nbEx146[pTG96; glf-1p::Ceglf-1::3′UTR]
IP612 glf-1(tm2412): nbEx153[pTG96; glf-1p::Ceglf-1cDNA::3′UTR]
IP613 glf-1(tm2412): nbEx154[pTG96; glf-1p::Ceglf-1cDNA::3′UTR]
IP614 glf-1(tm2412): nbEx155[pTG96; glf-1p::Lmglf::3′UTR]
IP615 glf-1(tm2412): nbEx156[pTG96; glf-1p::Lmglf::3′UTR]
IP616 glf-1(tm2412): nbEx157[pTG96; glf-1p::Lmglf::3′UTR]
IP617 glf-1(tm2412): nbEx158[pTG96; glf-1p::Lmglf::3′UTR]
IP620 glf-1(tm2412); osr-1(ok959): nbEx161[pTG96; gale-1p::
Ceglf-1::3′UTR]
IP621 glf-1(tm2412); osr-1(ok959): nbEx162[pTG96; gale-1p::
Ceglf-1::3′UTR]
IP623 glf-1(tm2412); osr-1(ok959): nbEx164[glf-1p::Ceglf-1::GFP]
IP624 glf-1(tm2412); osr-1(ok959): nbEx165[glf-1p::Ceglf-1::GFP]
IP625 glf-1(tm2412); osr-1(ok959): nbEx166[glf-1p::Ceglf-1::GFP]
IP629 glf-1(tm2412); nbEx169[sur-5p::Ceglf-1::GFP]
IP630 glf-1(tm2412); osr-1(ok959): nbEx170 [sur-5p::Ceglf-1::GFP]
IP638 unc-119(ed3); nbEx170 [pDP#MM016b; sur-5p::Ceglf-1::GFP]
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RNAi of glf-1 (gene H04M03.4) and gale-1 (gene C47B2.6) was
performed by microinjection of double stranded RNA (dsRNA)
corresponding to exons and intervening sequences of the gene of
interest. For glf-1, the PCR product used as a template for dsRNA
synthesis corresponds to the portion of the glf-1 gene between exons
3 and 6. For gale-1, the amplicon spanned exon 4 and part of exon 5. In
both cases, genomic fragments were ampliﬁed from C. elegans
genomic DNA preparations. dsRNA was synthesized using the High-
scribe Kit (New England Biolabs, NEB) according to the manufac-
turer's guidelines and delivered by injection as previously described
(Fire et al., 1998). Combinatorial RNAi of glf-1 and gale-1 was
performed by mixing the two dsRNAs in a 1:1 ratio and injecting
the mixture. A list of primers used for the ampliﬁcation of the
fragments can be found in Supplementary Table 1.
Lectin staining, protease sensitivity, alkaline hypochlorite sensitivity and
permeability assays
WGA (wheat germ agglutinin), SBA (soy bean agglutinin), ConA
(Concanavalin A), PNA-ﬂuorescein isothiocyanate (FITC) (peanut
agglutinin), UEA-1 (Ulex europaeus agglutinin) and PSA (Pisum
sativum agglutinin), all conjugated to FITC, were purchased from
Biomeda. Generally, staining and destaining were performed as
previously described (Gravato-Nobre et al., 2005). In the case of
UEA-1 and WGA, staining was performed without the addition of
Triton X-100 in the staining buffer, since the detergent solubilized
completely the reactive sugars. Alkaline hypochlorite sensitivity
tests were also carried out as previously described (Gravato-Nobre
et al., 2005). Thirty individual animals were tested per each strain.
glf-1 mutants die immediately when placed in a bleach solution,
precluding accurate measurement of the time taken to stop
thrashing. Hence, only the time taken for the ﬁrst break to appear
was recorded. Collected data were subjected to statistical analysis
using the Prism 4 program (GraphPad Software, Inc., La Jolla, CA).
One-way ANOVA with Dunnet post hoc comparisons were
performed. A P value of less than 0.05 was considered statistically
signiﬁcant. Transgenic strains, carrying an extrachromosomal array,
were individually inspected for somatic mosaicisms using the sur-
5::GFP co-injection marker (Yochem et al., 1998) or, in the case of
IP623-IP624-IP625, the glf-1::gfp marker was used. Only worms that
did not display somatic mosaicism were employed in the test.
Protease sensitivity assays were performed by placing 100 young
living hermaphrodites into a watchglass containing a 3 mM CaCl2
solution. Proteinase K (NEB) was then added at a ﬁnal concentration
of 2 mg/ml. After incubation for 1 h at room temperature, the
number of enzymatically digested worms was counted. Hoechst
33258 staining (Sigma-Aldrich, St. Louis, MO) was performed as
described (Moribe et al., 2004).
Production of constructs and transgenes
Standard molecular biology techniques were used (Sambrook
et al., 1989). Ampliﬁcation steps for construct generation described
below were carried out using Phusion DNA polymerase (NEB) or Taq
polymerase (NEB).
The glf-1p::Ceglf-1::3′UTR genomic rescue construct was gene-
rated by amplifying from N2 genomic DNA a 8054 bp fragment
including 2195 bp of the glf-1 5′ region, the full 3739 bp genomic
sequence (gene H04M03.4) and 2120 bp of the glf-1 3′ untranslated
region (UTR). This amplicon includes the ﬂanking sequences bet-
ween glf-1 and the upstream and downstream ORFs (H04M03.11 and
H04M03.3, respectively). The resulting DNA fragment was cloned in
TOPO TA pCR 2.1 (Invitrogen) according to the manufacturer's
instructions.glf-1p::Ceglf-1::GFP, encoding a GLF-1::GFP fusion driven by the
glf-1 endogenous promoter, was generated by amplifying from
glf-1p::Ceglf-1::3′UTR a 5931 bp genomic fragment including the
aforementioned glf-1 5′ sequence and the full genomic sequence
upstream of the termination codon. The resulting PCR product was
cloned in frame with the gfp sequence into vector pPD95.75 (a gift
from A. Fire, Stanford University, Stanford, CA).
glf-1p::Ceglf-1cDNA::3′UTR was generated in two steps by repla-
cing the C-terminal GFP fusion of glf-1p::Ceglf-1::GFP with 1965 bp of
the glf-1 3′UTR preceded by a termination codon and subsequently by
swapping the genomic glf-1 sequence with the glf-1 cDNA sequence.
The glf-1 cDNA was ampliﬁed with gene speciﬁc primers from N2
C. elegans cDNA pools (a kind gift of Yinhua Zhang, NEB, MA).
glf-1p::Lmglf::3′UTR was generated as described for glf-1p::Ceglf-
1cDNA::3′UTR, except that the L. major gene was inserted between the
glf-1 promoter and 3′UTR. The intronless L. major glf gene (Bakker
et al., 2005) was ampliﬁed with gene speciﬁc primers from L. major
strain Friedlin genomic DNA preparations. Likewise glf-1p::Ecglf::3′
UTR was generated by inserting the K-12 E. coli glf locus (Stevenson
et al., 1994) between glf-1 5′ and 3′ UTR.
gale-1p::Ceglf-1::3′UTR translational fusion was generated by
replacing the glf-1 promoter in construct glf-1p::Ceglf-1::3′UTR with
2693 bp of gale-1 promoter sequence upstream of the initiation
codon.
sur-5p::Ceglf-1::GFPwas generated by replacing the glf-1 promoter
in construct glf-1p::Ceglf-1::GFPwith 3.5 kb of the 5′ sequence of sur-5
upstream of the ATG contained in plasmid pTG96 (Yochem et al.,
1998).
All constructs were veriﬁed by multiple restriction digests and
DNA sequencing of both strands prior to injection. A list of primers
used can be found in Supplementary Table 1.
Constructs were injected into glf-1(tm2412) worms, glf-1
(tm2142); osr-1(ok959) double mutants or unc-119(ed3) worms
according to standard protocols (Mello et al., 1991). In most cases,
plasmid pTG96, carrying a sur-5::GFP reporter (Yochem et al., 1998),
was included as a co-injection marker. Plasmid pDP#MM016b,
carrying a unc-119(+) rescue construct (Maduro and Pilgrim,
1995), was used in generation of the transgenic strain IP638. Injec-
tion mixtures had the following composition: plasmid of interest
10–30 ng/μl; co-injection marker 10–30 ng/μl; low weight molecular
marker (NEB) as a ﬁller to a ﬁnal 100 ng/μl concentration. For each
construct, at least two independent transgenic lines were established
and inspected.
Microscopy
Live samples for microscopy were prepared according to
standard protocols (Sulston and Hodgkin, 1988). DIC micrographs
were acquired with a Zeiss Axiovert 200MT (Zeiss, Munich,
Germany) equipped with epiﬂuorescence and processed using the
Axiovision package release 4.5. Confocal pictures were acquired
with a LSM 510 META laser scanning microscope (Zeiss) and
processed with the LSM Zeiss package release 4.2. Scanning
electron microscopy (SEM) specimens were ﬁxed in 2.5% glutar-
aldehyde in phosphate buffer, pH 7.4, dehydrated in an ethanol
series (0% to 100% in 10% increments, 10 min each) and critical-
point dried. Specimens were coated with approximately 20 nm of
a 60/40 gold/palladium alloy in a Sputter coater (Fisons),
mounted, and observed on a 6360-LV Scanning Electron Micro-
scope (JEOL).
Infection of C. elegans with Microbacterium nematophilum
Challenge of C. elegans with Microbacterium nematophilum and
SYTO 13 (Invitrogen) staining of infected worms was carried out
according to standard protocols (Hodgkin et al., 2000).
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For extraction of C. elegans NSs, we adapted the protocol
described by Turnock and Ferguson (2007), which was originally
devised for puriﬁcation of NSs from the protozoans Trypanosoma
spp. and L. major. Commercially available NS standards UDP-Glc,
UDP-GlcNac, UDP-Galp, GDP-Man, GDP-Fuc and GDP-Glc were pur-
chased from Sigma-Aldrich. UDP-Galf was a kind gift of Dr. Michael
McNeil. NS extracts were prepared from 2 ml pellets of live worms.
Worms were washed extensively in M9 buffer (Sulston and
Hodgkin, 1988) and incubated at room temperature in M9 buffer
for 3 h to allow complete digestion of bacteria in the gut. To
monitor the reproducibility of the results, the pool of worms was
divided into two equal samples and processed in parallel. WormsFig. 2. Visible phenotypes expressed by glf-1(RNAi, tm2412, tm2621)worms. (A) and (B) are
are DIC micrographs, while (E) and (F) are scanning electron micrographs. (A and B) Skd p
movement. While aWT worm leaves a regular sinusoidal trail on the E. coli lawn (A) a glf-1m
Body constriction phenotype. Arrowheads point to the pinched area of the cuticle. Note a
Distortion of the anal region in a glf-1mutant. The white arrowhead marks the position of the
also the ventral bulge (arrowhead), commonly observed in these mutants. (F) Adherence of
20 μm (C and D) and 10 μm (E and F).were gently sonicated until approximately 90% disruption was ob-
tained. The lysate was then centrifuged at 14,000 × g for 15 min at
4 °C and the supernatant was extracted three times with 400 μl
of 90% butan-1-ol (v/v) to remove lipids. The resulting aqueous
phase was dried to completion and resuspended in 1 ml of 10 mM
ammonium bicarbonate. NSs were separated with a Supelco Envi-
Carb graphitized carbon solid phase extraction cartridge (1 ml/
100 mg; Sigma) as previously described (Rabina et al., 2001). The
elutant from the graphitized carbon cartridge was applied to a
Develosil RP-Aqueous-3 (1 mm×150 mm) column (Nomura Chem-
ical Company) equilibrated at 50 mM triethylammonium acetate
(TEAA), pH 6.0, at a ﬂow rate of 75 μl/min, and developed with a
gradient of 0–8% acetonitrile over 14 min. The efﬂuent from this
column was analyzed online by an Agilent 6120 time-of-ﬂight (TOF)micrographs taken directly from C. elegans growth plates seeded with E. coli. (C) and (D)
henotype typical of glf-1 mutants. The black arrows mark the direction of the worms'
utant leaves a broader and irregular track in its wake (B) due to the lack of traction. (C)
lso the surface layer sloughing off (white arrow), characteristic of glf-1 mutants. (D)
anus, while the arrow points to the tip of the tail. (E) Superﬁcial blisters (arrows). Note
E. coli cells (arrowheads) on the surface of a glf-1mutant. Scale bars, 100 μm (A and B),
345J.F. Novelli et al. / Developmental Biology 335 (2009) 340–355mass spectrometer with a capillary electrospray ionization source
(Agilent Technologies) in negative ion mode with a capillary voltage
of 3500 V from m/z 250 to 1650. Spectra were collected and
analyzed with Analyst 1.1 software (Perkin Elmer). NSs were
detected by ion extraction, by retention time and comparison of
these Extracted Ion Chromatographs (EICs) to the EICs generated by
the NS standards.Fig. 3. Lethality and cuticle fragility tests. (A) Percentage of overall lethality exhibited by gl
(RNAi) and glf-1(RNAi); gale-1(RNAi) worms. Embryonic (Emb) larval (Lvl) lethality were
speciﬁcity of the lethality exhibited by glf-1(tm2412, tm2621) and glf-1(tm2412); osr-1(ok95
was scored and shown. A least 300 animals were scored for each strain. Most glf-1(tm2412,t
and failed to leave the eggshell, as shown in (B′). (C) Alkaline hypochlorite sensitivity assay u
(RNAi) animals and glf-1(RNAi); gale-1(RNAi)worms. Themean and standard error (SEM) va
signiﬁcantly different from N2 in one-way ANOVA signiﬁcance tests (in all cases Pb0.01); th
one-way ANOVA signiﬁcance tests (in all cases Pb0.01). (D) Proteinase K dissolution assa
(RNAi) animals and glf-1(RNAi); gale-1(RNAi)worms. The bar represents the number of enzy
were collected as described in Materials and methods. Scale bar, 10 μm (3B′).Semi-quantitative PCR
RNA was extracted using the RNeasy Kit (QIAGEN), quantiﬁed,
treated with DNase I (NEB) and retrotranscribed using the Proscript
II RT-PCR kit (NEB) according to the manufacturers' instructions.
Semi-quantitative PCR was performed using a DyNAmo™ SYBR®
Green qPCR Kit (NEB) in a MyIQ thermocycler (Bio-Rad, Hercules,f-1(RNAi,tm2412,tm2621) animals, glf-1(tm2412); osr-1(ok959) double mutants, gale-1
combined in this test; for each strain, at least 700 worms were counted. (B) Stage-
9) mutants. For the animals which failed to survive, the stage at which death occurred
m2621) worms arrested at late embryogenesis between the pretzel stage and hatching,
sing glf-1(RNAi, tm2412, tm2621) animals, glf-1(tm2412); osr-1(ok959)mutants, gale-1
lues obtained from 30 individual worms are shown. The asterisk indicates those datasets
e double dagger indicates datasets that are signiﬁcantly different from glf-1(tm2412) in
y of glf-1(RNAi, tm2412, tm2621), glf-1(tm2412); osr-1(ok959) double mutants, gale-1
matically digested animals (in all cases, n=100). For the experiments listed above, data
346 J.F. Novelli et al. / Developmental Biology 335 (2009) 340–355CA) according to the manufacturers' instructions. Expression of glf-1
was compared to that of a portion of 18S RNA using speciﬁc primers.
A list of primers used can be found in Supplementary Table 1.
Results
Phenotypic characterization of glf-1(RNAi) worms and glf-1 knockouts
An alignment of several eukaryotic UGM representatives, includ-
ing C. elegans GLF-1, is shown in Fig. 1B. While eukaryotic UGMs
share on average only 25–30% overall sequence identity with
prokaryotic UGMs, conservation within eukaryotic UGMs is greater.
The predicted sequences of Brugia malayi UGM (BmUGM1) and C.
elegans GLF-1 (CeGLF-1) are more similar to each other than to any
other UGMs, supporting their phylogenetic relatedness (Fig. 1C). In C.
elegans GLF-1 and Brugia UGM1, all residues that have implicated in
FAD binding or play a role in formation of the active site are
conserved (Fig. 1B).
To characterize the glf-1 function, we performed RNAi and
examined two glf-1 deletion alleles: tm2412 and tm2621. A 370-bp
deletion in glf-1(tm2412) removes the entire sequence of exon 4 as
well as some ﬂanking intronic sequences. This deletion, which
maintains the correct frame, removes at least one key residue within
a highly conserved motif involved in FAD binding (Fig. 1B). glf-1
(tm2621) worms have a 283 bp deletion which removes a portion of
exon 3 and the following intron. This mutation causes the 5′ region of
exon 3 to fuse with the remainder of intron 3, thus introducing of an
in-frame TGA stop codon 15 bp downstream of the rejoined ends.
Translation of the GLF-1(TM2621) protein would result in a 165
amino acid long peptide lacking most of the residues essential for
catalysis as well as the C-terminal FAD binding motif (dollar sign,
Fig. 1B).
Phenotypic inspection of glf-1(tm2412, tm2621, RNAi) worms
revealed that glf-1 is required for normal post-embryonic develop-
ment. When compared to wild-type (WT) worms (Fig. 2A), glf-1
mutant worms and RNAi phenocopies exhibited a fully penetrant
traction defect whenmoving on a bacterial lawn or on the agar surface
(Fig. 2B and Supplementary movies 1 and 2). This defect is referred to
as the Skiddy (Skd) phenotype (Darby et al., 2007; Gravato-Nobre
et al., 2005; Partridge et al., 2008; Yook and Hodgkin, 2007). glf-1
worms also express several partially penetrant phenotypes, such as
lethality (Fig. 3A), body constrictions (Fig. 2C), a swollen post-anal
region (Fig. 2D) and superﬁcial blisters (Fig. 2E). Loss of glf-1 activity
also causes an unusual change in outer surface properties whereby
E. coli cells adhere to the worm cuticle (Fig. 2F). In addition, glf-1mu-
tants displayed enhanced cuticle fragility and poor long-term survival
on plates upon starvation, indicating a general impairment in ﬁtness.
Consistently, all phenotypes were exacerbated in deletionmutants
in comparison to RNAi phenocopies. For instance, the overall lethality
is markedly accentuated, with 87.5% of tm2412 homozygotes and 95%
of tm2621 homozygotes dying during development, either as embryos
or as larvae (n=934 and n=890, respectively; Fig. 3A), in contrast to
the marginal overall lethality exhibited by RNAi phenocopies (10.9%;
n=787; Fig. 3A). We conﬁrmed that all phenotypes displayed by glf-1
deletion mutants were fully recessive and tm2412 and tm2621 failed
to complement each other.
To characterize lethality further, we determined precisely the
onset of lethality in the two glf-1 deletion alleles: tm2412 and tm2621.
In both cases, lethality peaked in late embryos, between the pretzel
stage and hatching (Figs. 3B and B′; 89.7% in glf-1(tm2412) worms,
n=355, and 95.4% in glf-1(tm2621) animals, n=301). Lower levels
of lethality were seen in L2 larvae, and later larval stages (Fig. 3B). The
pattern of lethality observed was consistent between the two alleles,
which together with the nature of the DNA lesions involved suggest
that tm2621 and tm2412 are both strong loss-of-function alleles,
closely approaching the null state for the gene.The gross phenotypic analysis suggested that glf-1 mutants have
a defect in the synthesis of the surface coat. Mutants characterized
by defective surface coat synthesis are often hypersensitive to
alkaline hypochlorite treatment (Darby et al., 2007; Gravato-Nobre
et al., 2005; Yook and Hodgkin, 2007). We performed the standard
alkaline hypochlorite sensitivity test which revealed that glf-1
(tm2412,tm2621) mutants and glf-1(RNAi) phenocopies are approx-
imately ﬁve-fold more sensitive to alkaline hypochlorite exposure
than WTs (Fig. 3C). Likewise, glf-1 worms show almost 20-fold
increase in sensitivity to proteinase K treatment [WTs: 5%; glf-(RNAi):
82%; glf-1(tm2412): 97%, glf-1(tm2621): 98%; in all cases n=100;
Fig. 3D].
glf-1 mutants and RNAi phenocopies desiccate within seconds
when removed from the growth media and appear somewhat
shrunken in comparison to WTs. This phenotype is reminiscent of
that observed when C. elegans is exposed to hyperosmotic environ-
ments (Solomon et al., 2004). Loss-of-function mutations in osr-1
confer enhanced resistance to osmotic stresses (Solomon et al., 2004).
Introduction of the osr-1 deletion allele ok959 into the glf-1(tm2412)
background efﬁciently suppresses the Glf-1 lethality [87.5% overall
lethality observed in glf-1(tm2412) worms versus 23% observed in
glf-1(tm2412); osr-1(ok959) double mutants; n=806; Fig. 3A]. We
followed in detail the stage speciﬁcity of the marginal lethality ex-
hibited by glf-1(tm2412); osr-1(ok959) worms, which was rather
evenly distributed across late embryogenesis, L3 and L4 larval stages
(Fig 3B; n=315). Statistical analysis revealed that glf-1(tm2412);
osr-1(ok959) double mutants are as sensitive to hypochlorite as glf-1
(tm2412) single mutants (PN0.05) (Fig. 3C). Sensitivity to proteinase
K treatment was also very similar between the two strains (93% and
97%, respectively) (Fig. 3D). These data indicate that suppression of
the lethality by osr-1 is a result of improved resistance to osmotic
stress rather than by restoration and/or replacement of the
endogenous glf-1 gene function.
In C. elegans, a standard approach to characterizing surface coat
mutants involves the use of labeled lectins. Plant lectins which fail
to bind the surface of WT C. elegans (Figs. 4A and A′) stain mutants
with defective surface coat structures (Link et al., 1992; Silverman
et al., 1997). glf-1 worms were incubated with six ﬂuorophore-
conjugated plant lectins characterized by different sugar speciﬁ-
cities, all of which bound the external surface of glf-1(RNAi, tm2421,
tm2621) worms, giving rise to distinct patterns of ﬂuorescence
(Figs. 4B–G). Staining with WGA and UEA-1 was observed only in
the absence of detergent, suggesting that the ligands were solu-
bilized and removed by this treatment. Furthermore, in the pre-
sence of detergent, WGA readily penetrated the body cavity of glf-1
mutants, staining internal structures such as the gonad and the
coelomocytes (Fig. 4H). This result indicated an increased per-
meability of glf-1 mutants in comparison to WT animals. To explore
this possibility further, we stained live glf-1(tm2412) mutant larvae
with the membrane-impermeable DNA dye Hoechst 33258, used to
characterize hyperpermeable mutants. Only 2% of WT larval stages
show limited staining with Hoechst 33258 (n=100), consistent
with previous reports (Moribe et al., 2004), while 100% of glf-1
(tm2412) larvae are permeated by the dye (n=100; Fig. 4I).
Likewise, glf-1(RNAi, tm2412, tm2621) worms displayed increased
permeability to other dyes, such as trypan blue and SYTO 13, as
well hypersensitivity to drugs such as levamisole and ivermectin
(data not shown).
glf-1 pattern of expression and subcellular localization of GLF-1::GFP
To determine the expression pattern of glf-1, we generated a glf-
1::GFP translational fusion. This construct fully rescued the Glf-1
phenotype of tm2412 and tm2621 animals when carried on an
extrachromosomal array; rescue was assessed qualitatively by
examining suppression of the Skd phenotype and quantitatively by
Fig. 4. Lectin and Hoechst 33258 staining of glf-1 mutants. All lectins used were FITC-conjugated; (A) is a DIC micrograph; the remaining micrographs show exclusively the
ﬂuorescence channel. (A and A′) Staining of a WT worm with WGA. No surface binding of WGA can be detected. The ﬂuorescence signal visible represents background ﬂuorescence
from the lipid gut granules. Similarly, no labeling of WT worms was detected for the remaining ﬁve lectins tested (data not shown). Surface labeling patterns of glf-1(tm2412)
animals with WGA (B), SBA (C), PEA (D) PSA (E), UEA-1 (F) and ConA (G). Identical patterns of staining were seen in glf-1(RNAi) and glf-1(tm2621) animals. Incubation of glf-1
mutants with PSA results in a dimpled staining of the alae (D, white arrowhead), as in other surface-defective mutants (Gravato-Nobre et al., 2005; Yook and Hodgkin, 2007). Note
that the antigen recognized by UEA-1 is very loosely bound and forms surface clumps (F, white arrowhead). (H) Penetration of WGA into the pseudocoelomic cavity. Note the
staining of the excretory duct (white arrow) and on the surface of two coelomocytes (white arrowheads). (I) Intense Hoechst 33258 staining of a glf-1(tm2412) live L2 larva. Scale
bar, 20 μm (A).
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Fig. 5. Expression pattern of glf-1 and subcellular localization of GLF-1::GFP. Strain IP625 is depicted [genotype: glf-1(tm2412); osr-1(ok959): nbEx166[glf-1p::Ceglf-1::GFP]. (A) is the
DIC image of (A′). In (B) and (C), only the GFP channel is shown. (D) is a ﬂuorescence confocal micrograph. (A) Four-fold embryo showing the onset of GFP expression. GLF-1::GFP
can be seen in the hypodermal cells. (B) Localization of GLF-1::GFP in a L2 larva. The white arrowheads point to two seam cells nuclei. (C) Strong expression of GLF-1::GFP in the
seam cells of an L4 larva. (D) Confocal image of a single seam cell of an adult worm expressing the translational fusion. GFP is uniformly distributed within the cytoplasm. Scale bars,
5 μm (A and D) and 20 μm (B and C).
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transgenic animals (Figs. 6A and B). No expression of GLF-1::GFP
was seen in early embryogenesis. GFP ﬁrst became visible at the four-
fold embryonic stage, after completion of cuticle synthesis and
approximately 1 h before hatching (Figs. 5A and A′). The signal was
then seen throughout post-embryonic life. Expression was limited to
the hypodermal cells (Figs. 5A–C). L4 larvae and adults showed much
stronger expression of GLF-1::GFP in the seam cells as opposed to the
main hypodermal syncytium and head and tail hypodermal cells
(Fig. 5C). High resolution confocal micrographs of individual seam
cells expressing the translational fusion indicate that GLF-1::GFP
localizes to the cytoplasm (Fig. 5D).
Transgenic rescue experiments of glf-1 mutants
To conﬁrm that GLF-1 is a functional UGM, we performed a series
of transgenic rescue experiments, and quantiﬁed the rescue activity of
each construct as described above. In addition to the GFP translational
fusion described above, full rescue of glf-1(tm2412) mutants to WT
was obtained with a genomic fragment which included the glf-1
5′ UTR, the full glf-1 genomic region and 2 kb of the glf-1 3′ UTR as
well as with a fusion of the same promoter sequence to the C. elegansglf-1 cDNA followed by a 1.9 kb glf-1 3′UTR (Fig. 6A). In further tests,
we assessed the rescue potential of E. coli and L. major glf, encoding
peptides with proven UGM activity (Beverley et al., 2005; Nassau
et al., 1996). The rescue constructs containing the exogenous glf genes
were arranged like the C. elegans cDNA construct (Fig. 6A). While the
E. coli glf ORF conferred no rescue (data not shown), the L. major glf
ORF (carried by strains IP614, IP615, IP616, and IP617) alleviated the
Glf-1 phenotypes when carried on an extrachromosomal array. The
level of sensitivity to bleach in these strains is signiﬁcantly different
from N2 and the mutant (Fig. 6B). This is consistent with the
observation that transgenic worms carrying the L. major glf construct
are also mildly Skd (IP616, Supplementary movie 2). These data
indicate that the L. major glf ORF is only partially functional and/or
poorly expressed in C. elegans.
The pathway to Galf
UDP-Galp is the obligate precursor of UDP-Galf (Beverley et al.,
2005; Nassau et al., 1996; Trejo et al., 1970). UDP-Galp is generated by
enzymatic conversion of UDP-Glc, catalyzed by the enzyme UDP-Gal 4
epimerase (GalE). C. elegans possesses a single GalE homolog, encoded
by the gale-1 ORF (C47B2.6) (Hwang and Horvitz, 2002; Johnston
Fig. 6. Transgenic complementation of glf-1mutants in an alkaline hypochlorite assay. (A) Diagrammatic representation of the constructs (Ce=C. elegans; Lm=L. major) evaluated
and the strains carrying each construct. (B) Alkaline hypochlorite sensitivity assays. The mean and standard error (SEM) values obtained from 30 individual worms are shown. The
asterisk indicates those datasets signiﬁcantly different from N2 in one-way ANOVA signiﬁcance tests (in all cases Pb0.01); the double dagger indicates datasets that are signiﬁcantly
different from glf-1(tm2412) in one-way ANOVA signiﬁcance tests (in all cases Pb0.01).
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faithfully phenocopies the defects seen in glf-1mutants but to a lesser
extent. gale-1(RNAi)worms are mildly Skd and display some lethality
(Fig. 3A; n=844). In addition, gale-1(RNAi) animals display the same
range of defects as those observed in glf-1mutants, such as superﬁcial
blisters, variably placed body constrictions and occurrence of bacterial
adherence to the surface (Fig. S2B′). gale-1worms are also sensitive to
hypochlorite and proteinase K treatment (Figs. 3C–D), and bind a
subset of the lectins that stain glf-1 mutants (Figs. S2A′–C′). We also
performed combinatorial gale-1; glf-1 RNAi. Worms subjected to
combined RNAi for these two genes display enhanced Glf-1
phenotypes, which are more severe than those of glf-1(RNAi)
phenocopies alone (Figs. 3A, C, and D; in Fig. 3A, n=866).
To determine whether glf-1 and gale-1 are co-expressed, we
constructed a glf-1 genomic construct driven by gale-1 promoter,
which was assayed for transgenic rescue potential. The constructrescued glf-1mutants to WT in all stages (Figs. 6A and B), supporting
the contention that gale-1 and glf-1 expressions overlap throughout
the life cycle.
Bacterial adherence and infectivity experiments
M. nematophilum is a pathogen of Caenorhabditis nematodes.
While not lethal to WT worms, this coryneform, gram-positive
bacterium adheres to the post-anal region resulting in a chronic
infection (Hodgkin et al., 2000). Since some mutants with defective
surface coat structure are not susceptible to M. nematophilum, we
exposed glf-1(tm2412) mutants to M. nematophilum and found that
the worms died within hours, precluding assessment of infection.
We also tested the strain IP616 (Figs. 6A and B), i.e. glf-1(tm2412)
mutants partially rescued by the L. major glf homolog. This strain can
be considered equivalent to a glf-1 reduction-of-function allele, as
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and the residual Skd phenotype expressed by this strain (Supple-
mentarymovie 3). The post-anal region of IP616worms failed to swell
upon challenge with M. nematophilum (Figs. 7A and B). Staining with
the nucleic acid dye SYTO 13 revealed that M. nematophilum cells do
not adhere to the post-anal cuticle of IP616 worms (Figs. 7A and B).
NS analysis
To demonstrate the occurrence of Galf synthesis in C. elegans, we
carried out a survey of the nucleotide sugar pools of this organism by
adapting a protocol originally devised for analysis of the NS pools of
Trypanosoma spp. and L. major (Turnock and Ferguson, 2007). We
extracted and analyzed the NSs of WT worms, glf-1(tm2412); osr-1
(ok959) double mutants, and strain IP638 which, besides expressing
the endogenous glf-1 gene, also expresses constitutively and ubiqui-
tously a glf-1::GFP reporter. Analysis of WT extracts revealed the
presence of all NS precursors for which standards were available, with
the exception of GDP-Glc, which is below the level of detection in any
C. elegans extract analyzed (Fig. 8 and Table 1). In all extracts
analyzed, UDP-GlcNAc was the most abundant NS, followed by UDP-
Glc; the remaining NSs were present in comparable amounts, with the
exception of UDP-Galf. In WT animals, UDP-Galf was the least
abundant of the NSs examined (Fig. 8A). The paucity of this NS
precursor precluded its quantitation in WT worms (Table 1). Analysis
of glf-1(tm2412); osr-1(ok959) doublemutants indicated the presence
of all NS precursors which we found in WT animals, with the
exception of UDP-Galf, which could not be detected (Fig. 8B).
We also generated a construct with the sur-5 promoter, which
drives expression of the target gene in most somatic cells beginning in
early embryogenesis (Yochem et al., 1998), fused to the glf-1::GFP
coding sequence (sur-5p::Ceglf-1::GFP). Transgenic worms carrying
this construct expressed GLF-1::GFP in the cytoplasm of nearly all
somatic cells (Fig. S1) from the 300-cell stage onward. Notwithstand-
ing the gross temporal and spatial mis-expression of GLF-1::GFP, this
construct rescued glf-1mutants toWT (Fig. 6A and B), suggesting that
ectopic and early embryonic expression of glf-1 has no major
detrimental effects. The construct was injected into unc-119(ed3);
glf-1(+) worms together with the unc-119 rescue plasmid to yield
strain IP638. Expression of glf-1 was measured by semi-quantitative
RT-PCR, which showed that in the transgenic strain glf-1 mRNA is
overexpressed approximately 40-fold in comparison to WTs (Fig. S1).
Analysis of IP638 worm extracts revealed NS levels comparable to WT
animals and glf-1; osr-1 mutants (Table 1); however, UDP-Galf levels
were greatly enhanced (Fig. 8C). The increased levels of UDP-Galf
detected in IP638 worms enabled quantitation of this NS precursor
and determination of the UDP-Galf/UDP-Galp ratio, which is about
1/30 (Table 1).Fig. 7. Challenge of WT and IP616 worms with the pathogenic bacteriumM. nematophilum. (
with the nucleic acid dye SYTO 13 after challenge. (A) AWTworm showing adherence ofM. n
the post-anal region (white arrow). (B) IP616worm showing the absence of swelling and bac
nuclear expression of GFP from the sur-5::GFP co-injection marker present in this strain. ScDiscussion
We have investigated the C. elegans locus coding for the sole UGM
homolog present in this organism, with the aim of determining
whether C. elegans GLF-1 also functions in the synthesis of Galf and if
so, what is the importance of this sugar in the biology of the
nematode. Our study represents the ﬁrst comprehensive investigation
of a metazoan glf gene. The phenotypic characterization of glf-1
mutants indicate that the gene is essential for viability and that it
plays a crucial role in the synthesis of the worm's surface coat. This
poorly characterized structure represents the interface between
the worm and its environment and acts as a ﬁrst line of defense
against external assault. The phenotypic defects expressed by glf-1
mutants, such as the traction impairment, superﬁcial blisters and
body constrictions, larval lethality, poor long-term survival on plates,
surface afﬁnity for plant lectins, occurrence of E. coli adherence,
hyperpermeability, drug sensitivity and cuticle fragility, have been
reported previously for C. elegans surface coat mutants (Darby et al.,
2007; Gravato-Nobre et al., 2005; Hoﬂich et al., 2004; Partridge et al.,
2008; Yook and Hodgkin, 2007). The swelling of the anal region seen
in glf-1 mutants could also be the result of cuticle fragility. The
perianal cuticle is periodically deformed in the defecation cycle, and
therefore it could be more prone to become permanently warped in
mutants with a compromised cuticle.
A major defect observed in the glf-1 mutants was the Skd
phenotype, which likely arises from loss, depletion or masking of
outer cuticle components normally present at the interface bet-
ween the worm and the substrate on which it moves (Darby et al.,
2007). In the plant parasitic nematode Meloidogyne javanica, surface-
directed antibodies binding to glycocalyx antigens cause a similar
kind of traction defect, while at the same time precluding infection of
Arabidopsis thaliana roots (Sharon et al., 2002).
Surface afﬁnity for plant lectins is an unambiguous indicator of a
defect in the synthesis of the glycocalyx; however, no previously
described mutant defective in surface coat synthesis stained positive
with the whole panel of lectins tested in this work. This is indicative of
a signiﬁcant disruption of surface glyco-conjugates in glf-1 mutants.
The permeability displayed by glf-1mutants to WGA was a surprising
observation. Normally, harsh procedures such as acetone ﬁxation or
collagenase treatment, are required to achieve internal staining of
C. elegans with lectins (Borgonie et al., 1994). Pseudocoelomic inter-
nalization ofWGA, which is the smallest of the lectins tested (36 kDa),
occurredwhen the staining buffer was supplementedwith 0.1% Triton
X-100. This treatment also washed off all the WGA-reactive sugars on
the surface. A possible point of entry for WGA is via the compromised
surface and/or through excretory pore, as suggested by the
observation that the excretory tube stained intensely in glf-1 animals
incubated with WGA (arrow, Fig. 4H).A) and (B) are dual channel DIC/GFP micrographs. Animals depicted have been stained
ematophilum to the post-anal cuticle and rectal colonization accompanied by swelling of
terial adherence to the post-anal region. The green spots visible intracellularly represent
ale bar, 20 μm (A).
Fig. 8. Electrospray mass spectrometry of sugar nucleotides inWT animals, glf-1mutants and IP638 worms. EIC traces were generated at fourm/z characteristic of nucleotide sugars.
Blue, m/z 564.5–565.5 UDP-Galp, UDP-Glc, UDP-Galf; red, m/z 605.5–606.5 UDP-GlcNAc; green, m/z 603.5–604.5 GDP-Man; grey, m/z 587.5–588.5 GDP-Fuc. Intensity was
normalized to the most intense sugar nucleotide EIC, UDP-GlcNAc. Insets in each EIC are 300% expansions of the indicated region where UDP-Galf was found to elute with an
additional 3× expansion in the vertical axis. cps=counts per second. The asterisk marks the expected elution time of GDP-Glc, which was not detected. UDP-Galp and UDP-Galf are
indicated by a P and F, respectively. The three proﬁles correspond respectively to NS extracts from (A) WT worms, (B) glf-1(tm2412); osr-1(ok959) worms and (C) IP638 worms
[genotype: unc-119(ed3); nbEx170 {pDP#MM016b; sur-5p::Ceglf-1::GFP}].
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a crucial role for glf-1 in late embryogenesis. In both cases, more than
89% of the total lethality occurred between the pretzel stage and
hatching, and hence after the completion of elongation and cuticle
synthesis, suggesting that this may be a direct consequence of a defect
in synthesis of the L1 surface coat. Introduction of the osr-1(ok959)
deletion allele in the glf-1(tm2412) background resulted in a
remarkable suppression of the lethality (Fig. 3A). The residual
lethality was partially shifted to late larval stages, particularly L4s
(Fig. 3B). The alleviation of the late embryonic lethality of glf-1
(tm2412)mutants by osr-1 points to constitutive osmotic stress as the
main cause of death in late embryos. osr-1 (which stands for osmotic
stress resistance) encodes a novel protein thought to negatively
regulate survival in hyperosmotic environments (Solomon et al.,
2004). osr-1 loss-of-function mutants have higher than normal basalTable 1
Quantitative analysis of nucleotide sugar concentration in extracts from three C. elegans str
Extracted EIC m/z Concentration (μM)
WT glf-1;osr-1
UDP-Galp 564.5–565.5 3.47±0.20 6.41±0.4
UDP-Glc 564.5–565.5 7.63±0.50 13.87±1.7
UDP-GlcNAc 605.5–606.5 27.53±1.2 46.51±5.2
UDP-Galf 564.5–565.5 L.O.Q. N.D.
GDP-Man 603.5–604.5 3.52±0.20 5.67±0.5
GDP-Fuc 587.5–588.5 2.30±0.15 2.96±2.5
EICs and integrations were prepared as described in Material and methods. The values are
duplicate. L.O.Q.=limit of quantitation; N.D.=not detected.levels of glycerol, which results in a speciﬁc enhancement of tolerance
to osmotic stresses (Solomon et al., 2004). Presumably, in embryos
the death occurred upon permeabilization of the eggshell, which
causes direct exposure to the external environment without the
buffering of the eggshell ﬂuid. The constitutive osmotic stress
phenotype is consistent with the increased permeability of glf-1
mutants and their proneness to desiccation, which has been noticed in
other mutants with defective surface coat synthesis (Gravato-Nobre
et al., 2005). Interestingly, osmotic stress-related phenotypes are also
characteristic of the Aspergillus spp. UGM mutants (Damveld et al.,
2008; El-Ganiny et al., 2008), drawing a direct parallel between
homologous gene function in fungi and nematodes.
The spatial and temporal pattern of expression observed for the
rescuing GLF-1 translational GFP fusion is in agreement with a role in
the formation of the surface coat. GLF-1::GFP is exclusively detected inains.
NS ratio relative to GlcNAc
IP638 WT glf-1; osr-1 IP638
8 4.46±1.00 0.128 0.138 0.224
4 8.54±2.18 0.279 0.298 0.430
19.88±3.35 1.000 1.000 1.000
0.14±0.05 — — 0.007
5 7.14±1.98 0.123 0.122 0.359
9 4.64±1.12 0.085 0.064 0.233
of biological duplicate samples subjected to non-biological triplicate analysis of each
352 J.F. Novelli et al. / Developmental Biology 335 (2009) 340–355the hypodermal cells, which are responsible for cuticle and surface
coat synthesis. Embryonic expression of collagens and collagen
processing enzymes involved in synthesis and assembly of the inner
layers of the C. elegans cuticle occurs in the hypodermal cells starting
from the comma or two-fold stages (Johnstone and Barry, 1996;
Novelli et al., 2006; Thacker et al., 1995; Winter and Page, 2000). In
contrast, GLF-1::GFP is detected at the four-fold stage, after the
completion of cuticle synthesis, supporting the hypothesis that GLF-1
is required for formation of the outermost surface layer of the worm,
which is presumably the terminal step in the synthesis of the
exoskeleton. The enhanced expression of GLF-1::GFP in the seam cells
in late larvae and adults is typical of some other genes thought to be
involved in synthesis of surface glycans (M. Gravato-Nobre and
J. Hodgkin, unpublished results). Therefore seam cells, which have a
crucial role in cuticle production and molting (Singh and Sulston,
1978), are also likely key players in orchestrating formation of the
glycocalyx.
The cytoplasmic location of the GLF-1::GFP fusion is consistent
with a role in NS modiﬁcation. Eukaryotic UGMs lack signals for
secretion or localization to subcellular compartments and are
cytoplasmic, similar to their bacterial counterparts (Beverley et al.,
2005). The cytoplasmic residency of L. major UGM has been
demonstrated with a rescuing GFP fusion protein (Kleczka et al.,
2007); its ability to partially rescue glf-1 mutants further conﬁrms
that the C. elegans GLF-1 is also cytoplasmic.
Our survey of nucleotide sugar pools unequivocally demonstrates
the occurrence of synthesis of UDP-Galf in C. elegans and its absence in
glf-1(tm2412)mutants, thus conﬁrming the function of the glf-1 gene
as a nematode UGM. UGMs are bidirectional enzymes characterized
by equilibrium constants heavily skewed towards UDP-Galp produc-
tion (Nassau et al., 1996; Turnock and Ferguson, 2007). Consistent
with this, UDP-Galf is a very low abundance nucleotide sugar in WT
C. elegans, where it can be detected but not quantiﬁed at the level of
sensitivity attained by our method. Quantiﬁcation was achieved using
a strain (termed IP638) in which glf-1 is driven constitutively and
ubiquitously in most tissues by the sur-5 promoter. We anticipated
higher levels of UDP-Galf due to the synthesis and accumulation of the
unused precursor in cells where it is normally not produced. Indeed
we found approximately a 50-fold increase in the level of glf-1
expression (Fig. S1), accompanied by increased levels of UDP-Galf
(Fig. 8C and Table 1). The UDP-Galf/UDP-Galp ratio observed (∼3%) in
consistent with that observed (∼7%) in E. coli, L. major and T. cruzi
(Nassau et al., 1996; Turnock and Ferguson, 2007).
Further conﬁrmation that the biosynthetic pathway exists in
C. elegans was provided by the phenotypic inspection of gale-1(RNAi)
animals and the synergistic effect of observed in combinatorial RNAi
experiments with glf-1. In addition, the rescue of glf-1mutants by the
C. elegans glf-1 ORF driven by the gale-1 promoter argues in favor of
the hypothesis that gale-1 and glf-1 are co-expressed throughout the
life cycle.
The ﬁnding of UDP-Galf raises the question of which nucleotide
sugar transporters may be involved in translocation of the precursor
into the luminal compartments. C. elegans possesses 18 genes coding
for nucleotide sugar transporters (reviewed by Berninsone, 2006).
However, all the transporters characterized thus far show extensive
overlap and redundancy in substrate speciﬁcities (Berninsone et al.,
2001; Caffaro et al., 2006, 2007, 2008; Hoﬂich et al., 2004). Based on
the similarity of mutant phenotypes expressed, a candidate UDP-Galf
transporter is SRF-3 (Hoﬂich et al., 2004). srf-3 mutants have
abnormal surface antigenicity properties (Link et al., 1992), show
surface afﬁnity for WGA and SBA (Link et al., 1992), exhibit a mild Skd
phenotype and cuticle fragility (Hoﬂich et al., 2004) and are resistant
to infection by M. nematophilum (Hodgkin et al., 2000). srf-3 is
required for synthesis of WT levels of Gal-containing glycans (Cipollo
et al., 2004) and recombinant SRF-3 can transport UDP-Galp and UDP-
GlcNAc into Saccharomyces cerevisiae Golgi vesicles (Hoﬂich et al.,2004). However, the pattern of expression of srf-3 and glf-1 is only
partially overlapping, as judged by the localization of the GFP fusion
proteins (Hoﬂich et al., 2004 and this study), suggesting that there
may be additional UDP-Galf transporters.
Our results from studies on the IP616 strain implicate glf-1 and Galf
residues in infection of C. elegans by M. nematophilum. IP616 worms,
which are glf-1 mutants partially complemented by the experimen-
tally validated UGM from L. major, are resistant to infection because
of a lack of pathogen adherence to the worm. Mutants that are
resistant to attachment by the bacterium and/or that fail to swell have
been isolated and termed bus (for bacterially unswollen). Interest-
ingly, some mutants that are resistant to adherence display surface
abnormalities similar to glf-1 mutants. Several bus loci characterized
by this phenotypic properties have been cloned and found to have
mutations in genes encoding components of glycosylation pathways
probably because the receptors for attachment of these pathogens
are surface glyco-conjugates whose depletion prevents attachment
(Gravato-Nobre et al., 2005; Yook and Hodgkin, 2007). Examples are
the aforementioned srf-3, as well as bus-8 and bus-17, coding for
glycosyltransferase homologs and bus-12, coding for a sugar nucle-
otide transporter of unknown speciﬁcity (Partridge et al., 2008; Yook
and Hodgkin, 2007; M. Gravato-Nobre and J. Hodgkin, unpublished
results). It is reasonable to assume that other bus genes characterized
by the same phenotypic properties as glf-1 encode the nucleotide
sugar transporters and/or galactofuranosyltransferases required for
addition of Galf to glycan chains. C. elegans possesses more than 30
genes coding for predicted galactosyltransferases (reviewed by
Berninsone, 2006). Genes encoding galactofuranosyltransferases
have been found in L. major (Zhang et al., 2004); however, no
clear homolog of these transferases nor homologs of the mycobac-
terial UDP-Galf-transferases (Belanova et al., 2008; Kremer et al.,
2001; Mikusova et al., 2006) nor the putative E. coli Galf-transferase
(Wing et al., 2006) is identiﬁable in the C. elegans genome. Iden-
tiﬁcation of the galactofuranosyltransferases and their biochemical
characterization will be instrumental in determining the nature
of the C. elegans glyco-conjugates into which Galf residues are
incorporated.
The lethality of the glf-1 mutants upon challenge with M.
nematophilum appears to conﬂict with behavior of the IP616 strain
and may be mediated by non-speciﬁc effects or simply reﬂect the
greatly impaired ﬁtness of these worms. A mutant resistant to
attachment of M. nematophilum has been reported to be hypersen-
sitive when placed in a different genetic background; in this case the
lethality was presumably caused by a non-speciﬁc invasion of the
body cavity by the pathogenic bacteria (Gravato-Nobre and Hodgkin,
2008).
In light of some of the phenotypes described in C. elegans glf-1
mutants, namely, enhanced permeability and drug hypersensitivity,
studies on UGMs in parasitic nematode species of vertebrates and
plants are warranted. Numerous matching ESTs have been identiﬁed
in parasitic nematodes of humans, animals and plants (Beverley et al.,
2005). Should the UGM role be conserved in the phylum, inhibitors of
these enzymes, which are currently being developed in other systems,
might be used singly or in combination with other treatments to
enhance drug permeation. While preliminary attempts to identify
UDP-Gal in extracts from the ﬁlarial nematode B. malayi were
unsuccessful (data not shown), there is indirect evidence to support
the presence of Galf in parasitic nematode species. Intelectins are a
family of mammalian lectin-type proteins that bind to Galf moieties
and Galf-containing bacterial cell wall preparations (Tsuji et al., 2001).
It is thought that intelectins aid in opsonization and recognition of
pathogenic bacteria (Tsuji et al., 2001).Transcripts for two intelectins
are upregulated in mice during infections of two distantly related
parasitic nematodes, Nippostrongylus brasiliensis and T. spiralis
(Pemberton et al., 2004; Voehringer et al., 2007). It is intriguing to
speculate that the targets of the mouse intelectins could be Galf
353J.F. Novelli et al. / Developmental Biology 335 (2009) 340–355moieties produced by the pathogenic worms. We are currently
determining the chemical nature of Galf-containing glyco-conjugates
in C. elegans using conventional methods and also by isolating C.
elegans glycans which bind to recombinant intelectins. We would
predict the incorporation of Galf moieties into surface glycans since
this sugar has been exclusively identiﬁed in extracellular glyco-
conjugates of bacteria, protozoans and fungi, and also given the
similarities observed between the mutant glf phenotypes seen in As-
pergillus and C. elegans.
Our study did not reveal any novel phenotype associated with a
defect in surface coat synthesis; all the phenotypes that we have
observed in glf-1 mutants were described before in other instances.
However, our most novel and striking result is the ﬁnding that loss
of a single sugar is responsible for a series of dramatic phenotypic
effects, including hyperpermeability, afﬁnity to lectins, embryonic
and larval lethality. Indeed the high levels of lethality displayed
by the glf-1 mutants are interesting and suggest a more critical role
of the glycocalyx in development than previously thought. More-
over, we have identiﬁed a speciﬁc chemical feature and marker
for the surface coat, which will facilitate further biochemical and
developmental analysis of this poorly characterized but essential
structure.
Overall, our results demonstrate the presence of Galf in C. elegans
and reveal its pivotal role in synthesis of the surface coat, a
particularly important structure in nematodes, as it represents the
interface between the worm and its environment, and likely
important for survival of free-living and parasitic species.
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